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We have analyzed HCN(10) and CS(21) line proles obtained with high signal-
to-noise ratios toward distint positions in three seleted objets in order to searh
for small-sale struture in moleular loud ores assoiated with regions of high-
mass star formation. In some ases, ripples were deteted in the line proles, whih
ould be due to the presene of a large number of unresolved small lumps in the
telesope beam. The number of lumps for regions with linear sales of ∼ 0.2−0.5 p
is determined using an analytial model and detailed alulations for a lumpy loud
model; this number varies in the range: ∼ 2×104−3×105, depending on the soure.
The lump densities range from ∼ 3×105−106 m−3, and the sizes and volume lling
fators of the lumps are ∼ (1 − 3) × 10−3 p and ∼ 0.03 − 0.12. The lumps are
surrounded by inter-lump gas with densities not lower than ∼ (2− 7) × 104 m−3.
The internal thermal energy of the gas in the model lumps is muh higher than their
gravitational energy. Their mean lifetimes an depend on the inter-lump ollisional
rates, and vary in the range ∼ 104−105 yr. These strutures are probably onneted
with density utuations due to turbulene in high-mass star-forming regions.
Key words: interstellar medium, moleular louds, interstellar moleules, radio
lines.
1. INTRODUCTION
The problem of why star formation results in the formation of stars in lusters in some
ases and in the appearane of isolated stars in others remains unsolved. It is known that
stellar lusters in whih high-mass stars are born are assoiated with higher mass, more
turbulent ores of moleular louds than those in whih isolated stars are born. Regions
*
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2of moleular emission assoiated with suh ores probably do not ll the telesope beam
ompletely; instead, they may have an inhomogeneous, lumpy struture that is unresolved
in the observations (see, e.g., [1℄). There are many indiret piees of evidene suggesting
the existene of small-sale (unresolved) inhomogeneities in the dense ores of interstellar
moleular louds that are birthplaes of high-mass stars and stellar lusters. In partiular,
a lumpy struture for the moleular emission in objets assoiated with H II regions and
H2O masers follows from the ratios of the observed peak intensities and widths of lines
with dierent optial depths (see, e.g., [2, 3℄); this is onrmed by modeling of line proles
for various rotational transitions of the CS moleule in models with small lumps [4℄. The
absene of appreiable density variations in giant moleular louds, where the gas olumn
densities vary by more than an order of magnitude [5℄, ould also be due to the existene
of small-sale density inhomogeneities. The masses of the ores derived from alulations of
moleular exitation often prove to be higher than the virial masses or masses alulated from
observational data on optially thin dust emission, likewise suggesting a lumpy struture
for the moleular emission regions (see, e.g., [6℄). The detetion of extended regions of
emission in atomi arbon lines toward a number of high-mass star-forming regions [7℄ may
also testify to the inhomogeneous struture of these regions, where more rareed photon-
dominated regions, where the eets of ultraviolet radiation are important, an apparently
oexist with high-density gas.
Important evidene for small-sale lumpiness in high-mass star-forming regions is pro-
vided by observations of anomalies in the hyperne struture of the J = 1 − 0 HCN line,
manifest as a low relative intensity of the F = 1 − 1 omponent ompared to the optially
thin ase. This is due to the overlap of loal proles of omponents in higher lying transi-
tions, and depends on the degree of broadening of the loal proles. These anomalies arise
in gas with kineti temperatures ≥ 20 K, and should vanish when the widths of the loal
proles beome lose to that of the observed HCN(10) proles in these objets (≥ 2 km/s).
However, if the objets onsist of small, randomly moving lumps with densities lose to the
ritial density for the given moleular transition and the line proles of individual lumps
are lose to thermal, the observed HCN(10) lines will display these anomalies, but have
widths orresponding to the veloity dispersion of their relative motions [8℄.
Estimation of the physial properties of small lumps that are not diretly resolved in
observations requires detailed alulations of radiative transfer in an inhomogeneous, frag-
3mentary medium, with the subsequent omputation of line proles and omparison with the
results of observations. This an involve a large number of unknown parameters and be fairly
resoure-intensive in a full study of the entire spae of possible values of these parameters.
Martin et al. [9℄ proposed a simple analytial model in whih a loud was taken to onsist
of unresolved, randomly moving idential lumps with a small volume lling fator. Using
this model, we an use the ratios of the intensities and widths of two lines having dierent
optial depths to derive the relationships between parameters of the lumps. It was pointed
out in [10, 11℄ that, if the volume lling fator of the lumps is low and the number of lumps
in the line of sight at a given radial veloity is small, we should expet the appearane of
ripples in line proles. These ripples are due to utuations in the number of lumps in the
line of sight at various veloities, and an be used to estimate the parameters of the lumps
lling the beam.
However, deteting suh ripples requires high sensitivity and high spetral resolution. To
hek the method, the above studies used mainly observational data on the most intense lower
transitions of the CO moleule and its isotopi modiations in the dense ores of M17 SW
and Orion A. Sine these lines are eient probes of gas with densities of ∼ 103 m−3, they
are most likely traers of the inter-lump gas, as is inferred by the spatial orrelation of the
atomi arbon and CO emission (see, e.g., [12℄). Searhes for small-sale inhomogeneities
are probably more fruitfully arried out using lines that trae gas with densities one to two
orders of magnitude higher than the low CO transitions, suh as CS(21) or HCN(10).
In this paper, we present measurements of CS(21) and HCN(10) lines, as well as isotopi
modiations of these lines, toward seleted positions in three dense moleular-loud ores
assoiated with highmass star-forming regions and possibly possessing an inhomogeneous,
lumpy struture. We used the analytial method of [9, 11℄ and ompared the observational
data with the results of detailed alulations for a simple model of a loud with small lumps.
Our analysis has enabled us to estimate the physial properties of small, spatially unresolved
lumps in the framework of the models onsidered.
2. RESULTS OF THE OBSERVATIONS
To onrm the existene of small-sale lumpiness of the dense gas in high-mass star-
forming regions, we observed three dense ores assoiated with high-mass star-forming re-
4gions on the 20-m radio telesope in Onsala (Sweden) in 1999. We hose for these obser-
vations the objets S140, S199 (IC1848A, AFGL 4029), and S235 (G173.72+2.70), whih
display anomalies in the hyperne struture of the J = 1 − 0 HCN line, suggesting the
existene of small lumps with thermal linewidths [8℄.
The observations were arried out in the J = 1− 0 line of HCN and J = 2− 1 line of CS
at 88.63 and 97.98 GHz, respetively. Some positions were observed in lines of rarer isotopes
of these moleules, namely, the J = 1 − 0 line of H13CN and J = 2 − 1 line of C34S (at
86.34 and 96.41 GHz, respetively). The telesope beamwidths were 45
′′
at the HCN(10)
frequeny and 39
′′
at the CS frequeny. The beam eienies at these frequenies were 0.59
and 0.56, respetively. The dependene of this fator on the soure elevation was not taken
into aount; aording to later measurements, this ould result in an underestimation of the
line intensities at low elevations of up to ∼ 30%. The single-sideband noise temperature of
the system during most of the observing time was ∼ 170−350 K, depending on the weather
onditions and soure elevation. The observations were arried out toward two positions sep-
arated by an angular distane of 1.5
′
2
′
, whih exeeded the telesope beamwidth; thus, the
distributions of small lumps for these positions ould be assumed statistially independent.
The signal-to-noise ratios were ∼ 30−250, and the integration times were 111 h, depending
on the soure and observed line. The list of soures, their oordinates and distanes, and
the spatial resolution of the observations in the various lines are given in Table 1.
The spetrum analyzer was an autoorrelator with a 20-MHz bandwidth and a frequeny
resolution of 12.5 kHz; this orresponded to a veloity resolution of ∼ 40 m/s at the observed
frequenies. However, analysis of the spetra at emission-free referene positions showed that
adjaent hannels of the autoorrelator were not independent (as was also noted in [11℄),
whih degraded the atual spetral resolution. The orrelation oeient between adjaent
hannels was ∼ 0.6, between hannels i and i + 2 was ∼ 0.2 − 0.3, and between hannels i
and i + 3 was lose to zero. Aordingly, only one of three suessive hannels was used in
the subsequent analysis; thus, the spetral resolution in veloity was 127 m/s.
Figure 1 shows the spetra obtained. The observed proles demonstrate no self-absorption
eets. In a number of ases, the proles of themain-isotope lines (HCN, CS) obtained with
high signal-to-noise ratio display a small asymmetry, whih is notieable during a omparison
with the enters of the lines of rarer isotopes. High-veloity wings due to the presene of
large-salemotions in the soures are also present. In S235, the HCN and CS proles have
5more than one omponent with similar intensities and linewidths.
3. ANALYSIS OF PARAMETERS OF THE OBSERVED LINE PROFILES USING AN
ANALYTICAL MODEL
Martin et al. [9℄ derived an analytial expression for the prole of a line emitted by a
loud onsisting of idential lumps moving randomly in spae. Assuming that the exitation
temperature of the line (Tex) is idential in all the lumps and negleting the ontribution
from the mirowave bakground, the radiation temperature of the line is desribed by the
expression:
TR(v) = TEX(1− e−τeff (v)) . (1)
The eetive optial depth of a loud (τeff) when the veloity dispersion of the lumps
(σ) is muh greater than that of the gas inside the lumps (v0) an be written
τeff(v) = NcA(τ0) exp(−piv2/σ2) , (2)
where A(τ0) is an integral funtion that depends on the optial-depth distribution and ge-
ometry of the lump, and τ0 is the maximum optial depth of the lump. When τ0 ≪ 1, we
have A(τ0) ≃ τ0. The quantity Nc is the number of lumps in a olumn with ross-setional
area r20 (r0 is the lump radius) whose veloities are within v0 of the line enter:
Nc = KNtot
r20
B
v0
σ
, (3)
where B is the area of the telesope beam and Ntot is the number of lumps in the beam.
The fator K depends on the optial-depth distribution in an individual lump. Martin et
al. [9℄ and Tauber [11℄ assumed a Gaussian dependene for the optial depth on the impat
parameter, in whih ase K = 1. In the ase of opaque disks, when the optial depth does
not depend on the impat parameter, K = pi.
Martin et al. [9℄ used ratios of the peak intensities and widths of two lines (lower tran-
sitions of CO and
13CO) to nd relationships between physial parameters of the lumps
in the dense ore M17 SW. Tauber [11℄ proposed an analytial method for determining the
lump parameters based on this idea. In addition to the ratios of the peak intensities and
widths of two lines, a new parameter was introdued (assuming that Nc <∼ 10):
6∆TR
TR
=
τeff
(eτeff − 1)
√
Nc
B
r02
=
τeff
(eτeff − 1)√Ntot v0σ , (4)
where ∆TR is the standard deviation for utuations of the radiation temperature in some
range near the line enter relative to a ertain expeted value; these deviations are related to
utuations in the number of lumps in the line of sight moving with various veloities. The
more rugged and less smooth the line prole, the greater the ratio ∆TR/TR; heneforth, we
will all this ratio the jaggedness" of the line prole, in ontrast to the term smoothness"
used in [11℄.
The values of TR, ∆TR and the widths for two lines with dierent optial depths an
be determined from observations. If one of the lines is optially thin, we an alulate the
value of τeff for an optially thik line from the linewidth ratio. Knowing the jaggedness
and eetive optial depth of the line, we an alulate Ntot
v0
σ
using (4). Assuming that the
veloity dispersion in the lumps is determined by the thermal gas motions and knowing the
kineti temperature, we an estimate the ratio
v0
σ
and the number of lumps in the telesope
beam. If the jaggednesses and linewidth ratios for two lines with dierent optial depths
are known, we an alulate Nc and τ0 for one of the lines and estimate the size of a single
lump r0.
Martin et al. [9℄ and Tauber [11℄ also used an expression for the ratio of the peak
intensities of two lines: T 1R/T
2
R = (1 − exp(−τ 1eff))/(1 − exp(−τ 2eff)), whih is appliable for
lines in LTE (e.g., for lower transitions of CO and
13
CO). However, it is not appropriate
to use this relation for lines of HCN, CS, and their isotopes, for whih the distribution of
population densities over the rotational levels is appreiably nonequilibrium for the densities
and olumn densities typial of the dense ores of interstellar louds.
As Tauber [11℄ pointed out, ∆TR an be estimated by tting and subtrating a Gaussian
funtion, a funtion of the type (1), or triplets with a xed separation between their om-
ponents (in the ase of HCN); tting polynomial funtions to separate segments of the line
prole, with subsequent subtration; or ltration of the lowest harmonis of the Fourier spe-
trum, whih orrespond to the main line prole. After applying these methods, the residual
spetrum should be noise-like, possibly with dierent dispersions within and outside the line.
Sine the ontribution of the emission of a set of small lumps is statistially independent
from the atmospheri and instrumental noise in the spetra, we an alulate the standard
7deviation for the residual noise: ∆TR =
√
∆T 2L −∆T 2N, where ∆TL is the standard devia-
tion for temperature utuations near the line peak, and ∆TN is the standard deviation for
utuations outside the line. In his analysis of line parameters for the spetrum of Orion A,
Tauber [11℄ t and subtrated a funtion of the form (1); however, the similarity of the
asymmetry in the line proles obtained toward dierent positions of the Orion A loud led
him to suspet that there was a spatial orrelation of the residual utuations, whih ould
be due to systemati motions. This ontradited the idea that the utuations related to
the small-sale lumpiness were statistially independent, and prevented Tauber [11℄ from
estimating the jaggedness of the proles. No other methods for estimating∆TR were applied
in [11℄.
In the alulations of ∆TL, the three methods mentioned above were applied to all the
derived pro- les. If no exess of ∆TL above ∆TN was found in at least one of them, it
was further assumed that there were no residual utuations related to lumpiness in this
prole. When alulating ∆TL by tting and subtrating polynomials, the bandwidth near
the line peak (23 km/s) and the order of the tted polynomial (seond to fourth) were
varied. The optimal uto boundary was hosen for rejeting the lowest Fourier harmonis.
Though the main order of the Fourier harmonis orresponding to the observed lines with
widths of ≥ 2 km/s is onentrated at reiproal veloities ≤ 0.5 (km/s)−1, the presene of
even a small asymmetry in the line proles of the main isotopes (possibly due to systemati
motions in the dense gas) an result in the appearane of features in the power spetra
in a broader band than the range orresponding to the eetive Gaussian prole, as an
be seen from Fig. 2 in the ase of S140(0,0). We modeled the emission of a multilayer
medium in order to study the eet of systemati line-of-sight motions on the prole of a
single line or several nearby lines with optial depths ≥ 1; eah of layers had its own lineof-
sight veloity and exitation temperature, in aordane with speied power laws. We
were able to ahieve prole asymmetries similar to those observed by varying the veloity
at the boundary and the exponent in the radial dependene of the veloity, as well as the
optial depth of an individual layer. Analysis of the power spetra for lines with widths
≥ 2 km/s and with the addition of noise similar to the measurement noise showed that, in
Gaussian-like spetra, features assoiated with systemati motions fall to the noise level on
sales V −1 ≤ 0.7 (êì/ñ)−1. Therefore, the uto boundary for rejeting Fourier harmonis
was set to 0.7 (êì/ñ)
−1
(for the HCN(10) proles in S235, 0.9 (êì/ñ)
−1
). This slightly
8underestimates ∆TL, whereas tting smooth funtions to the line proles or prole segments
may yield overestimates. We adopted the standard deviation of the temperature utuations
in the hannels after subtrating the baseline outside the spetral line as ∆TN.
The peak intensities, linewidths, and eetive optial depths are listed in Table 2. The
values of TR and ∆V were obtained by tting Gaussians to the observed line proles. For the
HCN(10) and H
13
CN(10) proles, these values refer to the entral omponent F = 2− 1;
the relative intensities R12 and R02 are given for the side omponents, F = 1 − 1 and
F = 0− 1. In several ases, we list the widths of the F = 0− 1 omponent, whih were used
when alulating τeff . In the remaining ases, τeff was alulated by omparing the linewidths
for the main and rarer isotopes. The errors in the line intensities and widths were obtained
from the ts.
Figure 2 presents the HCN(10) and CS(21) line proles toward some observed positions
together with the residual noise obtained after rejeting the lowest Fourier harmonis. For
eah prole, the power spetrum for small amplitudes of the Fourier harmonis is shown at
the right; the uto boundary is also indiated.
Flutuations in the residual noise near a line peak were deteted most ondently for the
F = 2−1 HCN(10) omponent. In two ases, utuations of the residual noise were deteted
in the CS(21) proles. No utuations exeeding the noise level outside the line were found
in the C
34
S(21) and H
13
CN(10) proles; thus, were we able to estimate only the total
number of lumps in the telesope beam Ntot, using themethod desribed above. Table 3
lists the values of ∆TN and ∆TR. The errors of ∆TR probably reah ∼ 10 − 20%; they are
mainly due to our hoie of the interval near the line peak for whih they are alulated, as
well as to the omputational method. The table also lists the kineti temperatures required
to alulate the gas veloity dispersion inside the lumps, together with the values of Ntot.
Sine unertainties in ∆TR and τeff strongly inuene Ntot, probably resulting in errors no
less than ∼ 50%, we retained only two signiant gures in these results.
The estimates of Ntot based on the HCN(10) and CS(21) data toward S140(0,0) dier
appreiably; this ould be due to inter-lump gas resulting in eetive smoothing of the
utuations in the CS(21) proles. This possibility is onrmed by model alulations
(see Setion 4). In the remaining ases, the estimates based on ∆TR for these two lines are
onsistent with eah other within the probable errors. For S199(0,0), the value of τeff for both
lines was alulated from the ratio of the widths of the F = 2− 1 and F = 0− 1 HCN(10)
9omponents. However, the estimate of Ntot based on this ratio proved to be onsiderably
lower than the value yielded by themodel alulations (see Setion 4). This may suggest
that this method has overestimated τrmeff . Toward both positions in S235, the line proles
ontain features that ould be due to the presene of an individual dense lump in the line
of sight is larger than the telesope beam. Its eet is appreiabe in the HCN(10) prole
toward position (0,0), and it is espeially obvious toward position (0,2) in the CS(21) and
HCN(10) proles (Fig. 1). Fitting two Gaussians to the CS(21) prole and two triplets
to the HCN(10) prole toward position (0,2) enabled us to distinguish two omponents
with similar widths at veloities 17 and 16 km/s. The proles of the F = 2− 1 HCN(10)
hyperne omponent and the CS(21) line toward position (0,0) are smoother, with only a
slight asymmetry. The estimates Ntot were made for the position (0,0); τeff for both lines
was alulated from the ratio of the CS and C
34
S linewidths.
4. RESULTS OF NUMERICAL CALCULATIONS IN THE CLUMPY MODEL
Sine no residual utuations exeeding the noise level were found in the proles of the
optially thin C
34
S(21) and H
13
CN(10) lines, we were not able to apply the analytial
model (Setion 3) to determine the physial properties of individual lumps. Instead, we
arried out detailed alulations of the exitation of moleules in a loud model with small
lumps. We applied the model desribed in [8℄, whih was used earlier to explain features
in HCN(10) spetra observed in louds assoiated with high-mass starforming regions, in
the alulations. An analysis of the line prole residual intensity utuations had not been
onduted earlier. For onveniene when omparing with the analytial model and to redue
the number of model parameters, we used a simplied version of the model (Model 1). The
loud was assumed to be spherially symmetri, isothermal, and to onsist of small ells.
Eah ell ould either be lled with gas (a lump) or be empty, in aordane to a speied
probability, whih has the meaning of a volume lling fator. The gas density in all lumps
was taken to be idential. It was assumed that the lumps have no internal struture and
move relative to eah other with random veloities having a Gaussian distribution. The
line prole from eah individual lump was assumed to be Gaussian and to have thermal
width. The moleular exitation was alulated for only one representative lump at the
loud enter, with all the remaining lumps onsidered to be idential to it; this mathes the
10
onditions of the analytial model.
We must adjust the temperature, density, abundane of moleules in a lump, and dis-
persion of the relative motion of the lumps to obtain model proles that are similar to
the observed proles. The kineti temperature of the analyzed soures an be onsidered
to be known (Table 3), and the dispersion of the relative motion of the lumps for lines
with moderate optial depth (∼ 1) an be estimated from their widths. The density and
abundane of moleules an be determined fromthe intensities of the HCN(10) hyperne
struture, whih also depend on the ratio of the lling fator to the size of a single lump. As
an example, Figure 3 shows ontours for the intensity of the F = 2−1 HCN(10) omponent
and the relative intensities of the side F = 1 − 1 and F = 0 − 1 omponents for a kineti
temperature of 30 K and a veloity dispersion of 1.3 km/s as funtions of density and HCN
olumn density. The ratio of the volume lling fator to the relative size of a lump (i.e.,
the ratio of the lump size to the loud size) is eight and four, respetively, for the left-hand
and right-hand graphs; this an reprodue the observed HCN(10) proles in S140 (0,0) and
S199 (0,0), respetively.We an roughly estimate density and HCN olumn density using the
observed intensities for the HCN(10) omponents. Knowing the density and temperature
and varying the abundanes of the H
13
CN, CS, and C
34
S moleules, we an readily obtain
line proles for these moleules similar to the observed proles.
Our alulations yielded parameters of the line proles that are similar to the observed
ones (exept for the high-veloity wings and asymmetry), inluding the values of the resid-
ual utuations ∆TR (Table 3). We added syntheti noise with a dispersion equal to the
dispersion of the observed noise outside the line to the model proles. The values of ∆TR
were alulated after rejeting the lowest Fourier harmonis (≤ 0.7 (km/s)−1) for a 3-km/s
interval symmetri about the line enter. Sine the spatial and veloity distributions of the
lumps (whih aet ∆TR) depends on the initial value of the random-number generator, we
varied the initial values in the alulations and the results were then averaged. The resulting
errors in the size of a single lump, volume lling fator, and Ntot an reah 2040%. The
spetral resolution was set equal to that of the observations. The probabilities for olli-
sional transitions between the CS rotational levels were taken from [18℄. The probabilities
for ollisional transitions between HCN hyperne levels were alulated using the method
[19℄. A k-fold derease in the size of a lump and in the volume lling fator together with a
k-fold inrease in the abundane of moleules in a lump will keep the total olumn density
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and omponent intensities onstant, and redue the jaggedness of the proles; therefore, by
varying these parameters appropriately, we an hange the magnitudes of the residual u-
tuations near the line peak, tting them to the observed values.We modeled the HCN(10)
and CS(21) proles for both positions in S140 as well as for S199(0,0), where the observed
prole shapes are lose to Gaussian. We did not model the line proles in S235 beause of
their multiomponent struture.
The results of the model alulations are presented in Table 4. The total number of lumps
in the telesope beam, volume lling fator (f), and size (d) and density (n) of a single
lump were obtained by modeling the HCN(10) proles using Model 1. The HCN relative
abundanes are 10−8, 4 × 10−9, and 2.3 × 10−9 for S140(0,0), S140(1.5,0), and S199(0,0),
respetively. The values ofNtot are onsistent with the estimates obtained from the analytial
model for both positions in S140. However, the alulations for S199(0,0) yield a higher value.
This is probably due to overestimation of the eetive optial depth in the HCN line toward
this position. It is possible that the dierene in the widths of the F = 0− 1 and F = 2− 1
omponents, whih was the basis for the alulations of τeff in this soure, is not due to the
optial depth.
However, the model alulations of the CS(21) proles show that, for the same lump-
struture parameters as for HCN(10), ∆TR exeeds the observed values. The largest dis-
repany is noted for both positions in S140. As was pointed out in [11℄, taking into aount
the inter-lump gas an smooth line-prole utuations due to lumpy struture if the inter-
lump density is suient to ontribute signiantly to the observed lines. This gas an
aet the CS(21) prole more appreiably than the HCN(10) prole, due to the dierene
in the ritial densities for the exitation of these lines. To bring the model ∆TR values for
the CS(21) proles into agreement with the observed ones, we also performed alulations
for a model with inter-lump gas of lower density (Model 2). The alulations were arried
out in two stages. In the rst, we alulated the exitation of moleules in the inter-lump
gas assuming a homogeneous, isothermal loud without lumps. In the seond stage, we
alulated the exitation of moleules in lumps, but with the ells, whih were empty in
Model 1, now onsidered to be lled with inter-lump gas. By varying the density (nic)
and abundane of moleules of the inter-lump gas, we an obtain proles with a jaggedness
orresponding to the observed proles. In the alulations, the CS abundanes in lumps
and the inter-lump gas were idential; the temperature of the inter-lump gas was set equal
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to either the temperature of the gas in lumps or to 200 K, whih is fairly harateristi of
photon-dominated regions (see, e.g., [20℄). The veloity dispersion in the inter-lump gas
was taken to be equal to the veloity dispersion of the lumps, whih orresponded to the
observed prole width. The minimum values of the inter-lump gas density that resulted in
eetive smoothing of the CS(21) proles and .TR values in agreement with the observed
ones are listed in the sixth olumn of Table 4. The CS relative abundanes in the lumps and
inter-lump gas were set to be 1.5 · 10−9, 4 · 10−10 and 1.4 · 10−9 for S140(0,0), S140(1.5,0),
and S199(0,0), respetively. However, in order for the inter-lump gas to have no eet on
the parameters of the HCN(10) proles, we must assume that the HCN abundane is muh
lower in this gas than in lumps. This ould ome about due to dierent HCN formation
rates in photon-dominated regions and in lumps. This problem requires further study.
Figure 4 shows model proles of the HCN(10) and CS(21) lines; these orrespond to
the observed prole in S140(0,0), exept for the high-veloity omponent for HCN(10). The
CS(21) proles are given for Models 1 and 2.
Knowing the sizes and densities of model lumps, we an readily estimate their masses,
whih proved to be muh lower than the lump masses alulated from the ondition of virial
equilibrium (Table 4). The ondition of pressure equilibrium for the lumps is probably not
fullled. The ratios of the external and internal pressures for the lumps in the model with
inter-lump gas (Model 2) are less than unity (Table 4). In fat, the pressure ratios ould be
lower than the quoted values (by up to a fator of two), due to the dierene between the
surfae turbulent pressure in the medium in whih the denser sphere is embedded and the
unperturbed pressure far from this region [21℄.
5. DISCUSSION
The analysis of the previous setion has shown that the studied soures an ontain a large
number of small, nonequilibrium lumps with densities exeeding the inter-lump density by
an order of magnitude. We an approximately estimate the lifetime of an isolated lump in
a lower-density medium using the virial theorem. For an isothermal, spherial lump subjet
to external pressure (with the magneti-eld energy of the lump being negligibe), the virial
theorem an be written
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1
2
d2I
dt2
= 3Mc2 − αGM
2
R
− 4piR3 Pext , (5)
where I ≈ M R2 is the moment of inertia of the lump, M its mass, R its radius, c the
speed of sound, α fator of the order of unity that depends on the density distribution (for a
uniform distribution, α = 0.6), G the gravitational onstant, and Pext the external pressure.
This equation is widely used to estimate the parameters of louds and loud ores in virial
equilibrium (d2I/dt2 = 0). The time during whih a lump with mass M and radius R0 will
expand to radius R1 is
t =
R0√
3 c
x1∫
1
x dx√
(x− xe)2 − (1− xe)2 − 2Pext5Pint (x5 − 1)
, (6)
where x1 = R1/R0, xe = Re/R0, Re = αGM/3c
2
is the radius for whih the internal and
gravitational energies are equal, and Pint = 3Mc
2/4pi R30 is the gas pressure inside a sphere
with radius R0. In [22℄, a similar approah was applied to the expansion of a nonequilibrium,
isothermal sphere (without external pressure) in whih the internal energy dominated the
gravitational energy. In this ase, the sphere expands innitely, and the time required to
double its initial radius (R1 = 2R0), and, aordingly, derease its density by a fator of
eight, was adopted for its lifetime. The gravitational energy of the onsidered model lumps
is muh less than their internal energy (xe is 7 · 10−4, 2 · 10−4 è 9 · 10−3 for S140(0,0),
S140(1.5,0), and S199(0,0), respetively). If we set Pext = 0 in (6), and neglet xe ompared
to x and unity, the solution is t =
√
(R21 −R20)/3c2. In this ase, the time for the initial
radius to double is equal to the time for a sound wave to propagate from the loud's enter
to its edge, tc = R0/c, whih is ∼ 1.5 · 103, ∼ 3.9 · 103 and tc ∼ 4.5 · 103 years for S140(0,0),
S140(1.5,0), and S199(0,0), respetively.
When the pressure of the inter-lump gas is taken into aount, the unlimited expansion
of the sphere is replaed by an osillation mode, with expansion followed by ontration and
vie versa. The amplitude of these osillations an be found from the radiand in (6), whih
is real and positive only for values of x between unity and some largest value (xmax) that
depends on the pressure ratio. The lumps will expand until they ahieve the maximum
radius Rmax = R0 · xmax > Req, where Req is the lump radius when the pressures ome
to equilibrium. The internal pressure of the gas at Rmax beomes lower than the external
pressure, resulting in ontration. For pressure ratios ∼ 0.1, the time when the sphere
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reahes Rmax only slightly exeeds tc (only at Pext/Pint = 10
−3
will it reah ∼ 10 tc). For the
onsidered model lumps, the period of the osillations is ∼ (1.3− 2.8) tc.
Though this analysis is fairly simplisti, Keto et al. [23℄ and Broderik et al. [24℄ onsid-
ered the osillation mode of a pressure-onned, isolated loud with internal thermal motions
and without magneti eld in detail. They found that the lifetime of the osillations an be
fairly long, omparable to the lifetime of the loud, and is mainly determined by radiative
losses and nonlinear interations between the osillation modes. In our model with a large
number of idential, spherial lumps moving at random veloities relative to eah other,
lifetimes of the lumps may be determined by the mean time between ollisions, if lumps
are destroyed after a ollision. This time is Lf/V , where Lf is the mean free path of a
lump in the loud and V is the most probable veloity of the lumps. Supposing that
Lf = (nf d
2)−1, where nf is the number density of lumps and V is the veloity dispersion
in the inter-lump gas, we nd that the mean lifetime of the lumps is ∼ 1.7 · 104 years for
both the onsidered regions in S140 and ∼ 8.4 · 104 years for the region toward S199(0,0).
Suh short-lived, nonequilibrium strutures are probably utuations of density enhane-
ments arising due to turbulene in a region of formation of highmass stars and star lusters.
If so, our model with idential, spherial lumps will desribe the harateristis of the
utuations only approximately. A more detailed study of the origin and evolution of small-
sale density inhomogeneities in a turbulent medium requires the use of three-dimensional,
magnetohydrodynami models together with radiativetransfer alulations in both lines and
ontinuum. Important information on the gas struture in regions of high-mass star for-
mation an be obtained from future high-sensitivity, high-spetral-resolution observations
in lines of moleules with onsiderably dierent ritial densities. The parameters of the
smallsale struture in objets of this lass should be provided by diret observations with a
spatial resolution of
<∼ 0.1′′, using new-generation interferometers planned to operate in the
next deade (see, e.g., [25℄).
6. CONCLUSIONS
We arried out high signal-to-noise observations of the HCN(10) and CS(21) line proles
toward seleted positions in the dense ores of the louds S140, S199, and S235, with the
aim of searhing for small-sale struture in moleular loud ores assoiated with
15
of formation of high-mass stars. Some positions were also observed in the C
34
S(21) and
H
13
CN(10) isotope lines.
In several ases, we found ripples in the line proles of the main isotopes, whih an be
interpreted as revealing the presene of a large number of unresolved small lumps in the
telesope beam. We have used the analytial model [9, 11℄ to estimate the total number of
small lumps in the telesope beam on sales ∼ 0.2− 0.5 p, whih an be ∼ 2 · 104− 3 · 105
depending on the soure.
Detailed alulations of the exitation of the HCN and CS lines in a loud model onsisting
of a set of small thermal lumps that are randomly distributed and move with random
veloities have enabled us to estimate physial properties of lumps toward two positions in
the dense ore of S140 and in S199(0,0). The densities in the lumps are ∼ 3 ·105−106 m−3,
and their sizes are∼ (1−3)·10−3 p. The volume lling fators of the lumps are∼ 0.03−0.12.
To bring the parameters of the HCN and CS proles into agreement, we must inlude an
inter-lump gas with a density no lower than ∼ (2− 7) · 104 ñì−3.
The internal thermal energy of the lump gas far exeeds the gravitational energy; and
the ondition of pressure equilibrium with the inter-lump gas is likewise not fullled. When
isolated, suh spherial lumps an undergo long-term osillations. The mean lifetime for a
set of lumps an be determined from the mean time between ollisions: ∼ 104 − 105 years.
Suh strutures probably represent density utuatins arising due to turbulene in regions
of formation of high-mass stars.
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Figure 1. Measured spetra. The dashed line shows the enters of the optially thin C
34
S lines or
CS lines.
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Figure 2. Observed proles of the HCN(10) and CS(21) lines together with the residual
utuations after rejetion of the lowest Fourier harmonis. The amplitude of the residual
utuations is magnied by a fator of ten. The power spetra are shown to the right; the dashed
vertial line shows the uto boundary.
Table 1. Soure list
Soure α(1950) δ(1950) D Resolution
(h) (m) (s) (o) (′) (′′) (kp) (p)
S140 22 17 41.3 63 03 40 0.9 [13℄ 0.170.19
S199 02 57 35.6 60 17 22 2.2 [14℄ 0.410.46
S235 05 37 31.8 35 40 18 2.3 [15℄ 0.430.48
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Figure 2. Contd.
Figure 2. Contd.
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Figure 3. Results of alulations of the HCN(10) line exitation in a model with thermal lumps
for two ratios of the volume lling fator to the lump size. The ontours orrespond to the
brightness temperatures for the F = 2− 1 omponent (thik solid urves, step 2 K), the relative
intensities of the F = 1− 1 omponent (dashed urves, step 0.05) and the relative intensities of the
F = 0− 1 omponent (dash-dot urves, step 0.01). The range of variation of the values is indiated
in the gure. The physial properties of the model are indiated in the text.
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Figure 4. Model proles of the HCN(10) and CS(21) lines orresponding to those observed in
S140(0,0) and obtained for a lumpy model without (Model 1) and with (Model 2) inter-lump gas.
Syntheti noise with dispersion equal to that of the noise observed outside the line range was added
to the proles. The residual noise obtained after ltration of the lowest Fourier harmonis is shown
beneath the model proles, with its amplitude magnied by a fator of ten. The orresponding
power spetra for small amplitudes is shown to the right; the dashed vertial line shows the uto
boundary, 0.7 (km/s)−1. The model parameters are given in the text.
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Table 2. Parameters of the observed lines
Soure Line TR(K) R12, R02 ∆V (km/s) τeff
S140 (0',0') HCN(10) 10.9(0.1)
1
0.38, 0.20 2.55(0.01) 0.42(0.03)
H
13
CN(10) 1.09(0.02) 0.57, 0.24 2.37(0.04)
CS(21) 4.70(0.02) 2.90(0.01) 1.05(0.05)
C
34
S(21) 0.97(0.01) 2.44(0.02)
S140 (1.5',0') HCN(10) 5.06(0.03) 0.47, 0.28 2.50(0.02) 0.9(0.2)
2.14(0.05)
2
CS(21) 2.52(0.02) 2.61(0.02) 1.6(0.4)
C
34
S(21) 0.27(0.01) 2.0(0.1)
S199 (0',0') HCN(10) 5.44(0.03) 0.43, 0.20 2.40(0.01) 1.6(0.3)
1.87(0.06)
2
CS(21) 2.4(0.02) 2.45(0.02)
S199 (2',0') HCN(10) 1.45(0.02) 0.50, 0.31 2.00(0.03)
S235 (0',0') HCN(10) ∼ 83 2.29(0.03)2
CS(21) 4.21(0.02) 2.59(0.01) 1.9(0.1)
C
34
S(21) 0.79(0.01) 1.95(0.03)
S235 (0',2') HCN(10) ∼ 23
CS(21) ∼ 1.83 ∼ 2.53
1
 After subtrating the high-veloity omponent.
2
 Width of the F = 0− 1 omponent.
3
 More than one omponent in the proles.
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Table 3. Residual utuations in the line proles and the total number of lumps in the telesope beam
alulated in the analytial model
Soure Line ∆TN(K) ∆TR(K) TKIN(K) Ntot
S140 (0',0') HCN(10) 0.042 0.055 30 [16℄ ∼ 2.6 · 105
H
13
CN(10) 0.037
CS(21) 0.035 < 0.015 > 4.2 · 105
C
34
S(21) 0.018
S140 (1.5',0') HCN(10) 0.035 0.055 39 [16℄ ∼ 2.7 · 104
CS(21) 0.051 < 0.02 > 2.5 · 104
C
34
S(21) 0.035
S199 (0',0') HCN(10) 0.032 0.053 28 [17℄ ∼ 1.7 · 104
CS(21) 0.031 0.016 ∼ 3.9 · 104
S235 (0',0') HCN(10) 0.050 0.056 40 [3℄ ∼ 2.3 · 104
CS(21) 0.027 0.025 ∼ 4.0 · 104
C
34
S(21) 0.026
Table 4. Physial parameters of lumps obtained from model alulations
Soure Ntot f d n nic M Mvir Pext/Pint
(p) (m
−3
) (m
−3
) (M⊙) (M⊙)
S140 (0',0') ∼ 2.8 · 105 4.2 · 10−2 ∼ 10−3 8.5 · 105 5 · 104 ∼ 3 · 10−5 0.062 0.2
S140 (1.5',0') ∼ 3.6 · 104 1.2 · 10−1 ∼ 3 · 10−3 3.4 · 105 7 · 104 ∼ 3 · 10−4 0.25 0.5
S199 (0',0') ∼ 1.1 · 105 2.5 · 10−2 ∼ 3 · 10−3 1.2 · 106 2 · 104 ∼ 10−3 0.19 0.06
